I. INTRODUCTION
M ICROSECOND duration, low-energy , high-intensity , and small-diameter ion beams (IB) have unique properties required for various applications including beam propagation across a magnetic field to a stand-off target, the generation of intense neutron pulses, and material surface modification, among others [1] . The generation and long-distance transport of such a beam presents a somewhat generic, but nevertheless challenging problem. Several difficulties include the fast shorting of the anode-cathode (AC) gap by the electrode plasma, space charge limitation of the ion current amplitude to a few , the intrinsic "temperature" of the IB leading to various plasma instabilities, beam divergence attributed to the incomplete charge neutralization, beam instabilities, and nonuniformity (i.e., ripples) of the ion emitting plasma surface. In order to increase the density and propagation length of the IB we combined ballistic focusing in a magnetically insulated diode (MID) with a "concave" toroidal magnetic lens (TML) [2] and a straight transport solenoid (TS). The organization of this paper is as follows. The experimental setup section gives a brief description of the main subsystems and their operational parameters. The experimental data section describes the main experimental results on IB generation and its subsequent transport in free space and in plasma. Analysis and discussion are given in Section II, and the conclusion follows.
II. EXPERIMENTAL SETUP
A schematic of the experimental setup, shown in Fig. 1 , includes a three-stage microsecond Marx generator which can be charged up to 50 kV and has a maximum stored energy of 2.5 kJ. The Marx drives the MID via a limiting resistor of 1.4 . The TML and the TS are also shown.
The MID design is similar to one described in [3] . The anode is fabricated from brass with a total area of 250
. It has a truncated cone shape with six azimuthal circular slots which provide a transparency of . The MID cathode features two coaxial stainless steel blades of conical shape, (interconnected by four radial spokes) that form an annular gap of 3.5-cm width and average diameter at the base of 22 cm and apex angle of 45 .
The annular ion source, organized inside the cavity behind the slotted anode surface, is based on the inductive discharge in a supersonic H gas flow that radially diverges from a disc type Laval nozzle. The nozzle is fed by a central electrodynamic conventional puff valve similar to the one used in [3] . The valve is energized by a 7-kA current pulse with a duration of 20 . At the moment of the discharge, the valve provides several tens of mTorr of H with a rise time of as measured by a conventional ionization Penning cell. The circular inductive "shock" coil (SC) is made of 18 parallel one-turn spirals and has a full width of 3.5 cm. The coil was driven by a 0.8-capacitor bank charged from 14 to 18 kV and produced a sinusoidal-shaped ringing azimuthal discharge with a period of and a current of 20-25 kA. The plasma density and temperature measurements near the anode surfaces at the moment when the high-voltage (HV) pulse is applied gave to 6 , and as measured by a double Langmuir probe. This corresponds to an emission density of up to 20
. The MID operated with an AC gap, , of 8.0 mm. The "slow" radial B-field with a 120 rise time provided magnetic insulation in the AC gap and in the post cathode channel. The radial field was produced by a pair of coaxial coils (7 turns on the outer coil, 15 turns on the inner) placed around and between the cathode "blades," as shown in Fig. 1 .
The use of a solid brass anode [3] provides the absence of the "slow" B-field inside the anode cavity and conserves the insulating B-flux in the AC gap during the pulse. improves gas breakdown efficiency and the second feature improves control over the MID impedance drop during the pulse. However, the use of the slotted solid anode may lead to the appearance of ripples at the plasma boundary when the latter stagnates at the magnetic surface.
The TML [2] transforms the ballistically convergent IB into a linear beam flow and was designed as part of the post cathode channel adjacent to the exit of the MID. The TML was energized by a 10 rise time pulse from a 40-2.5-kV capacitor bank. The current was delivered to the apex of the inner wall of the channel via 12 radial spokes of 1.0-mm thickness, and returned along the outer wall, providing a closed toroidal B-field of topology inside the TML, as shown in Fig. 1 . The geometric transparency of the TML was and at the periphery and inner part, respectively. The ion's trajectory was calculated assuming 100% current and space charge neutralization. This calculation was carried out to optimize the lateral shape of the spokes and to determine the optimum current amplitude (20-25 kA). Traces for three characteristic beamlets (outer, middle and inner) through the lens, with initial beam divergence half angle of , are illustrated in Fig. 2 . The IB transport solenoid was positioned at the exit of the TML and could provide a pulsed magnetic field up to 10 kG with a rise time of 200 . The clearance diameter of the transport solenoid was 8.4 cm. Based on conservation of ion angular momentum during transport through a solenoid of length , the magnetic field which provides one full rotation (optimal condition) is estimated from the expression , which gives for and a value of . Tracing of a typical ion path through the TML-TS system is shown in Fig. 3 .
The neutralization of the IB in the gap between the end of the TML and the entrance to the TS was done by two cabletype plasma guns that fired radially inside the gap. Microwave cut-off measurements for the generated plasma gave densities . The main parameters for all subsystems were measured by resistive voltage dividers, B-dot probes and self-integrating Pearson probes. The current density of the IB was measured by several sets of collimated Faraday cups (CFC) with a transverse B-field of 200 G and negative bias voltage in the range of to . This combination provided reliable cut off of the neutralizing and secondary electrons [1] . The ambient plasma density and its temperature were measured by double Langmuir probes 2 cm from the anode surface. The timing sequence for the subsystems operation and their typical waveforms are presented in Fig. 4 .
The IB generator proved to be extremely reliable throughout its active duty. The generator operated for 1.5 years with only two major breakdowns, one in the shock coil and one in the puff valve power supply. The system accumulated more than 3 pulses with high reproducibility. The operational vacuum was -.
III. EXPERIMENTAL DATA

A. IB Ballistic Focusing
In general, the operation of the MID over the range of possible operational parameters (anode cathode gap ; anode voltage ; gas puff plenum pressure; shock coil voltage ; time delay of SC firing with respect to the Marx firing; -field strength) can be divided into 3 regimes which we call "under-loaded," "matched," and "over-loaded." Typical oscillograms for each mode are shown in Fig. 5(a)-(c) . These regimes correspond to the different MID impedances, defined by the expression . Here, the coefficient is related to the degree of ion space charge neutralization by the electron drift flow in the AC gap and is the total anode area. The under-loaded, matched, and over-loaded regimes give , , and , respectively.
For example, in the under-loaded regime ( , or to kV, where ) the plasma buildup near the anode surface lags behind the Marx pulse arrival and the IB density is limited by the ion source emissivity resulting in a slow rise of the IB current, , during the pulse and eventually reaching 1-2 kA. The electron losses were also relatively small in this mode.
In the matched regime ( , -) the plasma buildup at the anode surface matches with the HV pulse arrival to provide . The IB density is characterized by a short rise time and there is practically no time lag between the Marx and IB pulses. For example, in the matched mode, with of 8.0 mm, -kG, and in the range of 70-120 kV, the average IB density near the exit of the MID was 9 to 15 , respectively. These densities correspond to a total IB current amplitude of 2-3 kA with a measured total MID current of 3.5 to 6 kA, which gives an MID efficiency of . In the over-loaded regime ( or -) at the moment of the Marx pulse arrival the plasma fills a significant part of the AC gap which results in an initial high MID current ( -kA) due to large electron losses resulting in a voltage drop of 50-60 kV, and an occasional failure of the magnetic insulation.
The optimal ballistic focusing of the IB corresponds to the first two regimes and provided IB current densities in the range of in the center of the focal plane 27 cm from the anode. IB current amplitudes were estimated to be between 1.3 and 1.8 kA. Thermosensitive paper "autographs" of the IB in the focal region showed a solid circle of 8 cm in diameter and a tubular shape 10 cm "downstream" of the focal plane. From these results, the average IB divergence angle was estimated to be .
B. IB Propagation in the Toroidal Magnetic Lens (TML)
Several modifications of the TML (vacuum, plasma filled and with radial metal fins) were tested for their collimating performance. The best results were obtained with 4 radial metal thin fins, as shown in the Fig. 1 , crossing the toroidal B-field lines. The secondary electrons generated at the surface of the lens, due to the bombardment by the ions, provided efficient space charge neutralization and shorting of the polarization E-field caused by the TML B-field. The IB density, 8 cm from the TML exit, plotted as a function of the current in the TML is illustrated in Fig. 6 . At 30 cm from the TML exit, the IB divergence half angle increased to 6 , evidently due to E-field buildup. Based on the CFC data, the effective IB transparency of the TML was estimated to be . The IB autograph structure taken at the exit of the TML varied significantly from shot to shot and depended on the uniformity of the beam formation in the AC gap which was directly related to the uniformity of the ion source. The "good" shots, with matched operation and low electron losses, produced high-density, centered, regular-shaped autographs of the IB, whereas the "bad" shots, with high electron losses, created off-centered and irregular "footprints."
C. IB Propagation Through the TML and Transport Solenoid (TS) System
Application of the TS after the lens makes it possible to deliver the IB to a stand-off target away. The ions start from a free space, enter the TS with an initial small divergence angle, and due to the conservation of angular momentum, , follow a spiral-type trajectory with a characteristic frequency of and an average Larmor radius of , where is the radius at which an ion enters the TS. The IB rotation energy at the exit of the solenoid can be minimized if the ions perform an integer number of full rotations during their flight through the TS . Single particle trajectories of the ions moving through the TML-TS system were calculated to find the optimum combination of TML and TS B-fields for characteristic beamlets of given angular spread and under the assumption of full space charge and current neutralization.
Transport efficiency experiments on the IB transport system as a function of solenoid B-field, for a given IB energy, established an optimal combination of TML current and TS magnetic field to be 20-25 kA and 5.0 kG. Fig. 7 illustrates the average IB density measured with CFCs in the near axial region (3 cm in diameter) inside and downstream of the solenoid. The density curve shows two maximums and two minimums at an interval of . This picture agrees well with the spiral-type envelope of ions having energy in the range of 50-90 kV. The initial divergence and energy spread of the IB smooth the measured current density in the envelope crests and troughs. Another smoothing effect can be attributed to IB losses on the TS wall which took place during the first 20 cm of beam transport. Consequently, the total IB transport efficiency through the TS was . From the exit of the TS to a distance of 30 cm, the divergence of the IB increased to and the beam current density dropped from 15 to 1.5 -3 .
IV. DISCUSSION
Effective control of the microsecond MID impedance and IB parameters could be obtained when operating with conserved B-flux in the AC gap. The average IB divergence at , and therefore the presence of a residual radial E-field, this divergence may also be attributed to Rayleigh-Taylor instability of the dense plasma boundary which stagnates at the radial -field cushion, and the formation of plasma boundary "ripples" as the plasma spreads along the magnetic surface sagging in the circular anode slots [5] . As a possible solution for the ripple problem, an additional thin anode transparent to the -field could be placed in front of the solid anode where the -field ripples are negligible providing a more uniform plasma boundary. It is also worth noting that the occasional "bad" shot featuring very irregular structure in the IB autographs correlated with the over-loaded mode of high electron losses. This irregular structure may be due to a strong azimuthally nonuniform plasma boundary entering the AC gap from the plasma source [4] caused by the occasional faulty operation of the puff valve.
The IB in our experiments appeared to be almost fully charge neutralized when traveling inside the TML and TS. It seems that only its intrinsic divergence limits the overall transparency of the TML due to the lateral losses of the ions on the metal fins. Optimization of the TML by varying the driving current is possible over a wide range but its final efficiency depends on the initial IB energy spread. The limitation imposed on the spread of the IB energy could be alleviated by using a lower B-field in the lens with a respective smaller ballistic angle and bigger aperture. Transition from conical to spherical focusing may also improve the lens operation.
When exiting the TML, the IB transits to free space from the toroidal B-field where a build-up of electrons on the closed B-field lines takes place resulting in a local charge imbalance and the appearance of axial and radial E-fields. The latter provide a slowing down and fast divergence of the IB [6] . The addition of a background plasma in this region seems to improve the situation. As with the TML, when moving inside the TS the initial divergence of the IB seems to be the main contributor to IB loss on the TS walls. This imposes a limit on the minimum diameter of the TS, . In the case of an H beam, the can be estimated using Here, is the diameter of the IB at the entrance to the TS, is the ratio v/c and is the IB divergence half-angle at the TS entrance. Based on the experimentally measured half angle of , an 8-cm diameter beam and a B-field of 5-7 kG, the must not be less than 9-9.6 cm, which is 10% larger than we used.
At the exit from the TS to free space (similar to the situation with the TML exit) the IB again acquires a space charge imbalance because the neutralizing electrons become confined to move along the radially expanding magnetic lines. This results in the buildup of a polarization E-field with radial and axial components and an increase in the final IB divergence to at a distance 30 cm from the TS exit.
In contrast to the situation at the TML exit, the addition of plasma (density of ) at the TS exit did not significantly decrease the IB divergence in free space, which indicates the persistence of an E-field normal to B-field in the plasma.
The absence of a nearby conducting surface makes it impossible to short the polarization E-field on the time scale of the IB pulse duration. The use of a metal screen crossing the B-field lines in the vicinity of the TS exit could be beneficial for IB transport [7] .
V. CONCLUSION
Experiments were carried out on the formation and propagation of a low-energy (70-120 keV), high-density (10-30 ), microsecond IB. Efficiencies of and were obtained for the generation of the IB in a MID and its subsequent transport to distances , respectively. To reach these high efficiencies for generation and transport, a novel system that combined a large-area MID with ballistic focusing, a TML, and a TS was designed and implemented. Operation of the MID with a constant B-flux in the AC gap provided reliable control of the MID impedance during the main portion of the pulse and thereby causing a lower energy spread of the IB. The "warming" of the IB , which limits its propagation length, seems to be most likely caused by the azimuthal nonuniformity of the anode plasma source. Post solenoid propagation of the IB is impaired by the space charge imbalance buildup at the transition to free space due to end effects of the TS radial B-field which subsequently causes an induced axial polarization E-field. Additional means for "cooling" the IB in the AC gap (thin foil-type additional anode and grounded metal screens near the exit of TS) could be useful for IB generation and long-distance transport for various other applications like inertial confinement fusion, plasma heating, and field-reversed configuration.
